Nonlinear optical phenomena in graphene based materials by Obraztsov, Petr

  
 
PETR OBRAZTSOV 
 
Nonlinear optical phenomena 
in graphene based materials 
 
Publications of the University of Eastern Finland 
Dissertations in Forestry and Natural Sciences  
 Number 47 
 
 
 
 
 
Academic Dissertation  
To be presented by permission of the Faculty of Science and Forestry for public 
examination in the Auditorium M102 in Metria Building at the University of Eastern Finland, 
Joensuu, on October, 28, 2011, at 12 o’clock noon. 
 
Department of Physics and Mathematics  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Kopijyvä Oy 
Joensuu, 2011
Editors: Prof. Pertti Pasanen 
Lecturer Sinikka Parkkinen, Prof. Kai Peiponen 
Distribution: 
Eastern Finland University Library / Sales of publications 
P.O.Box 107, FI-80101 Joensuu, Finland 
tel. +358-50-3058396 
http://www.uef.fi/kirjasto 
 
ISBN: 978-952-61-0549-9 (printed) 
ISSN: 1798-5668
ISBN: 978-952-61-0550-5 (PDF)
ISSN: 1798-5676
ISSNL: 1798-5668 
Author’s address: University of Eastern Finland 
Department of Physics and Mathematics 
P.O.Box 111 
80101 JOENSUU 
FINLAND 
email: petr.obraztsov@uef.fi 
 
Supervisors:  Professor Yuri Svirko, Ph.D. 
Department of Physics and Mathematics 
University of Eastern Finland 
P.O.Box 111 
FI-80101 JOENSUU 
FINLAND 
email: yuri.svirko@uef.fi 
 
 
Reviewers:  Professor Martti Kauranen, Ph.D 
Department of Physics 
Tampere University of Technology 
P.O. Box 692FI-33101 TAMPERE 
FINLAND 
email: Martti.Kauranen@tut.fi 
 
Professor Guglielmo Lanzani, Ph.D 
Department of Physics 
Politecnico di Milano 
Piazza L. Da Vinci 32 
20127 MILANO 
ITALY 
email:  Guglielmo.Lanzani @iit.it 
 
Opponent:  Professor Esko Kauppinen 
Department of Applied Physics 
Aalto University 
P.O. Box 15100 
Puumiehenkuja 2 
FI-00076, ESPOO 
FINLAND 
email: esko.kauppinen@hut.fi 
ABSTRACT 
This thesis reports the experimental investigation of nonlinear 
optical phenomena occurring when intense laser radiation 
interacts with graphene based materials. Wide range of 
experimental techniques was applied to study the nonlinear 
optical properties of ultrathin films with thickness ranging from 
5 to 40 graphene sheets (multilayered graphene), nanographite 
and carbon nanotubes. The second-order nonlinear response of 
these materials was studied in the nanosecond and femtosecond 
time scale using photoelectric and terahertz measurements. 
Time-resolved pump-probe spectroscopy in the visual and near 
infrared spectral range was employed to reveal the third and 
higher orders nonlinearities in graphene and single-wall carbon 
nanotubes. Saturable absorbers based on single-wall carbon 
nanotubes were used to achieve the efficient mode-locking of 
solid state lasers operating in the near-IR spectral range.  The 
presented results demonstrate that graphene based materials are 
attractive for optoelectronics and lasing applications. 
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1 Electronic and optical 
properties of graphene 
and graphene based 
structures 
1.1 FROM GRAPHITE TO GRAPHENE 
Graphite is the most widely spread form of carbon in nature. It 
consists of monoatomic layers of carbon stacked by van der 
Waals forces. Monoatomic layer of carbon atoms arranged in a 
hexagonal lattice is called graphene, which was studied 
theoretically since 1947 [1]. The practical isolation of graphene 
by exfoliation of highly-ordered pyrolytic graphite (HOPG) with 
a scotch tape was demonstrated recently (in 2004) [2]. However 
since exfoliation technique does not allow scalability, the first 
reports on graphene properties initiated an extensive search of 
new routes for synthesis of large area graphene samples. 
Among these routes are chemical vapor deposition (CVD) [3,4], 
thermal decomposition of SiC [5] and other chemical methods 
[6]. The size and the quality of graphene flakes obtained using 
these methods have opened a way to verify experimentally 
theoretical predictions on  the properties of two-dimensional 
(2D) systems [7].  
As it is shown on Fig.1 graphene is a structural base of 
graphite, carbon nanotubes [8] and some other nanocarbons 
such as fullerenes [9] or nanocarbon cones. In particular single 
walled carbon nanotube (SWNT) can be seen as a quasi one-
dimensional object created by rolling of a graphene ribbon into a 
11 
 
cylinder. Therefore the physical properties of SWNTs are 
predetermined by the those of graphene. For example, the 
electronic structure of SWNTs which is responsible for most 
electronic and optical properties corresponds (taking into 
account the geometrical parameters of the tube) to graphene’s 
electronic structure. Consequently many of potential 
applications previously proposed for carbon nanotubes are also 
applicable for graphene. 
 
Figure 1. Two-dimensional graphene is the structural base of carbon materials 
including graphite (3D); single-wall carbon nanotube (1D); fullerene. (0D) 
1.2 GRAPHENE BANDSTRUCTURE 
In graphene, carbon atoms are arranged in a two-dimensional 
hexagonal crystal lattice. The primitive cell of graphene contains 
a carbon atom at each of two sublattice sites, separated by a 
bond length of d=1.42 Å. The outer shell of carbon atoms 
contains 4 electrons, 3 of which are tight bonded forming the σ-
bonds with neighboring atoms (sp2 hybridization of atomic 
orbitals). The fourth (2pz) electron is involved in the π (π*)-
bonds (see Fig. 2(a)). The weaker π-bonds are responsible for 
unusual electronic bands structure of graphene. The graphene’s 
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atomic structure and the first Brillouin Zone are schematically 
shown in Fig.2(b) and 2(d).  
 
Figure 2. (a) Schematic representation of σ- and π- bonds in graphene; (b) atomic 
structure of graphene; (d) first Brillouin Zone in graphene. 
The electronic and optical properties of graphene and 
other carbon materials with dominating sp2 hybridization of 
atomic orbitals are predetermined by electronic bands structure. 
In the tight-binding approximation, the dispersion of the 
valence and conduction bands can be presented in following 
form [10]: 
 
                    
  
 
        
 
 
           
 
 
            (1.1) 
 
where k=(kx,ky) is the 2D electrone wavevector measured with 
respect to the Γ-point (the centre of the Brillouin Zone), “+”and 
“-”correspond to electrons and holes, respectively, γ0≈3 eV is the 
nearest-neighbor hopping energy and a=2.46 Å is the lattice 
constant.  
 
Figure 3.The electron dispersion calculated for the first Brillouin Zone in grapheme  
(c) 
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In the  Fig. 3, the upper and lower parts correspond to 
the conduction and the valence bands respectively. The optical 
properties of graphene are determined by band structure in the 
vicinity of Brillouin Zone edge, i.e. at the K and K’ points. At 
these points,  the top of the valence band and the bottom of the 
conduction band meet each other forming the cone-shape with 
the peak at the Fermi energy EF = 0.  According to Eq. (1.1), the 
dispersion of electrons (holes) at the K(K') point is described by 
Dirac equation: 
 
                                    (1.2)  
 
where k is the wavevector with (kx, ky) components 
and 603 / 2 10 /F a m s    is Fermi velocity in graphene. 
Therefore the dispersion of electrons in graphene near the K and 
K' points is a linear function of the wavevector k (see Fig. 4(a)). 
Recently, it has been predicted that the linear dispersion 
described by Eq. (1.2) should lead to strongly nonlinear optical 
behavior at microwave and terahertz frequencies [11]. At higher 
optical frequencies one can also expect an enhanced optical 
nonlinearity as, due to graphene’s band structure, interband 
optical transitions occur at all photon frequencies [12].   
1.3 GRAPHITE AND CARBON NANOTUBES 
Graphite can be seen as a pile of graphene layers weakly bonded 
by a Van der Waals forces. The distance between the layers is 
3.35 Å *13]. The electronic coupling between the layers in 
graphite causes the changes in its bandstructure compared to 
graphene. Increasing the number of stacked layers results in 
transformation of the linear band structure from linear to 
parabolic and slight overlapping of valence and conduction 
bands near the K(K') point [14, 15]. 
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Figure 4. The electronic bandstructure of: (a) graphene; (b) graphite; (c) metallic 
carbon nanotube; (d) semiconducting carbon nanotube.The densities of one-electron 
states for corresponding nanotubes are presented in the bottom parts of the (c) and (d) 
figures. 
 
Since a carbon nanotube (CNT) is a rolled graphene 
sheet, the band structure of CNT is also predetermined by 
electronic structure of graphene. However in contrast to 
graphene, CNT is a quasi-one-dimensional structure, which 
electronic properties depends on how the graphene sheet was 
rolled up. To classify the variety of ways to wrap the nanotube 
from a graphene sheet two indexes n and m are commonly used 
[10, 16]. Figure 5 illustrates an example of graphene sheet about 
to be wrapped into a nanotube with the primitive translation 
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vectors a1 and a2 shown. The chiral vector            , also 
represented with the pair of indexes (n,m). Once wrapped, the 
length of the chiral vector becomes the tube circumference and 
the tube diameter d can be calculated from this circumference as: 
2 2ad n nm m

   , where a = 2.46 Å from the graphene 
structure, and by convention n m . If m = 0, the nanotubes are 
called “zigzag,” while if n = m, the nanotubes are called 
“armchair”. Otherwise, they are called “chiral”. 
 
 
Figure 5. Formation of carbon nanotube from the graphene layer. 
 
Therefore varying the way of the rolling up one can 
arrive at CNT of different chirality and hence to different 
periodicity of the electronic wavefunction. In the electronic 
spectrum, such a periodicity manifests itself as delta-shaped 
peaks known as Van Hove singularities [10, 16], which positions 
depends on a diameter and chirality of the SWNT.  In particular 
the diameter is responsible for the band gap or type (metal or 
semiconducting) of the nanotube [17]. The electronic bands with 
the corresponding density of one-electron states (DOS) 
calculated for metallic (9,9) and semiconducting (6,5) single-
walled carbon nanotubes are presented in Fig. 4(c) and (d), 
respectively. 
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1.4 OPTICAL PROPERTIES OF GRAPHENE AND SWNT 
1.4.1 Light absorption in graphene 
 
In the visible and infrared spectral range, the optical properties 
of graphene are determined by electrons in the vicinity of the K 
and K’ points of the Brillouin Zone (BZ). Due to the lack of the 
bangap and linear dispersion of electrons in graphene, 
absorption of light at any photon energy (wavelength) is 
allowed. Correspondingly, as long as electrons in the center of 
the BZ are not involved in the light absorption, the absorption 
coefficient of graphene is constant, i.e. it is independent on any 
material parameters (e.g. Fermi velocity νF) in a wide spectral 
range. Theoretical [18] and experimental [19] works have 
demonstrated that one layer of graphene absorbs πα ≈ 2,3 % of 
incident photons, where 
2 1
137
e
c
    is the fine structure 
constant. Moreover the absorption coefficient scales 
proportionally to the number of stacked graphene layers. 
Therefore the absorption spectra allow one to estimate the 
number of graphene layers contained in the multilayer sample. 
Fig.6 shows the optical transmission spectra obtained for 
multilayer samples consisted of different number of graphene 
layers. 
 
Figure 6.The optical transmission spectra of graphene with different number of layers  
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Figure 7.The optical transmission spectra of polymer film containing single-wall 
carbon nanotubes 
1.4.2 Light absorption in single-wall carbon nanotubes 
 
As we demonstrated in Section 1.3 the Van Hove singularities 
structure dominate the band structure of SWNT. As a result, in 
contrast to graphene, SWNTs absorbs only photons with the 
energies equal to the allowed transition energy [17, 20]. Since 
usually the sample contains SWNTs of different chiralities and 
diameters, the optical absorption spectrum contains several 
resonances, which correspond to SWNT with certain diameter 
and chirality. The absorption line width corresponds to the 
diameter distribution of SWNTs in the bundle [21].  
Another important feature of carbon nanotubes is a high 
exciton binding energy (about 300 meV). An exciton is a bound 
electron-hole pair that can move along the crystal and transfer 
the energy. Relatively high exciton binding energy in SWNT 
results in appearance of additional energy states, or so called 
exciton states, in the band structure of SWNT. These states lie 
bellow the bottom of the conduction band and appear as an 
additional absorption lines in the spectrum of SWNT. 
The typical optical transmission spectrum of a polymer 
film containing single-wall carbon nanotubes prepared using 
high pressure CO decomposition process (HipCO SWNT) is 
shown in Fig. 7. 
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1.4.3 Second order nonlinear optical response of graphene 
based materials 
 
The cone-shaped band structure of graphene also causes the 
exceptionally high optical nonlinearity of graphene and carbon 
nanotubes [22]. In particular second harmonic [11, 23-25] 
generation, optical rectification and other nonlinear effects were 
observed in graphene and thin graphite films [26-30]. 
The second-order nonlinear phenomena (χ2), which 
manifest themselves by a quadratic dependence of the medium 
response on the amplitude of the incident light wave, are 
strongly influenced by the medium symmetry [31]. In particular, 
so-called electro-dipole effects, which does not account for a 
finite photon momentum, are forbidden in a centrosymmetric 
media and, in particular, in graphene. However in graphene 
based materials, due to quasi ballistic transport properties, 
transferring of the photon momemtum to the electric system 
may play important role leading to electro-optical effects [26-28] 
originating from the optical rectification on the quadrupole 
nonlinearity [33] and photon drag [34-40].  
Optical rectification is a second-order nonlinear optical 
process which manifests itself in generation of a quasi-DC 
polarization in a nonlinear dielectric crystal [41] irradiated with 
an intense laser beam. In semiconductors, the generation of a 
quasi-DC polarization and a current is commonly described in 
terms of electrons dragging by incident photons (photon drag 
effect). In both cases the generation of DC-voltage can be 
registered with an electrodes connected to the edges of the 
irradiated crystal. For relatively long (in comparison with 
electron momentum relaxation time τ10 ns) laser pulses, the 
temporal profile of the generated electric signal should 
reproduce that of the excitation pulse. The magnitude and 
polarity of the induced DC signal should depend on power, 
angle of incidence, wavelength and the polarization state of the 
laser beam.  
The optical nonlinearity of third and higher orders χ(3,<n) 
is responsible for saturable absorption [42], four-wave mixing 
[12], and generation of high harmonics [21] in graphene. The 
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saturable absorption has been intensively studied in carbon 
nanotubes and graphene. The discussions of experimental 
observation of saturable absorption and light generation with a 
frequency 2ω1-ω2 [31] in graphene optically pumped at 
frequencies ω1 and ω2 are presented in further sections of this 
thesis. However, due to cubic dependence of the third-order 
processes on the pump intensity these kinds of experiments are 
challenging. 
1.4.5 Photoexcited carrier dynamics 
 
When a photon of energy ћω is absorbed by a semiconductor 
with an energy band gap Eg< ћω, an electron is promoted from 
the valence band to the conduction band with an excess energy 
ћω-Eg and a nonzero momentum wavevector determined by the 
band structure. This process is followed by transferring the 
excess energy and momentum from excited electron to other 
electrons or holes and the crystal lattice via various carrier-
carrier and carrier-phonon interactions. Eventually, the excited 
electron recombines with a hole in the valence band. In metals, 
the absorption process slightly differs from the case of 
semiconductors. Here, even without any excitation the 
conduction band is partially filled with free electrons. Therefore 
the absorbed photon could promote an intraband excitation of a 
conduction band electron or an interband excitation of valence 
band electron. Then, like in semiconductors, the excited electron 
relaxes to the ground state by interacting with other carriers. 
These relaxation mechanisms and the timescales over which 
they occur constitute carrier dynamics in the investigated 
material. 
Most common way to reveal the dynamics of excited 
carriers experimentally is to study the induced changes of 
optical properties (such as refractive index or dielectric constant) 
of the medium. There are several mechanisms responsible for 
the changes of optical properties under optical excitation. 
The different band structure of graphene and CNT 
implies different dynamics of the photoexcited carriers in these 
materials.   
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1.4.6 Saturable absorption in graphene and carbon nanotubes 
 
Saturable absorption is a property of materials where the 
absorption of light decreases with increasing light intensity. In 
most materials the saturable absorption is observable only at 
very high optical intensities, close to the optical damage 
threshold. Such high intense radiation is commonly obtained in 
an ultrashort (pico- or femtoseconds) laser pulses. At sufficiently 
high incident light intensity, the excitation process happens at 
shorter times then the relaxation. For example, in case of a 
semiconductor electrons from the valence band are promoted to 
the conduction band faster than the reverse transitions. 
Therefore the upper states are filled and the absorption 
subsequently saturates (transmittance increases). 
The nonlinear absorption is directly related to excited 
carrier density. To describe the nonlinear process in graphene 
one can employ a simple two-level saturable absorption model 
that gives the following equation for the absorption coefficient: 
 
     
  
  
 
  
                 (1.4) 
where s and 0 are saturable and non-saturable parts of the 
linear absorption coefficients, respectively, N is the 
photoinduced carrier density, and NS is the saturation carrier 
density, which corresponds to 50% redution of the saturable 
part of the absorption coefficient. The carrier density can be 
estimated as  
   
  
  where I excitation intensity, τ is the carrier 
recombination rate and ω is the frequency of light [43].  
 
Figure 8. Schematic representation of optical excitation-relaxation of carriers in 
graphene. 1. Short laser pulse excitation with the photon energy ћω; 2. Light-induced 
nonequilibrium  distribution of carriers; 3. Intraband relaxation of photoexcitated 
carriers; 4. Interband relaxation of photoexcitated carriers. 
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 Linear dispersion and zero bandgap in graphene provide 
the possibility of saturable absorption in a wide frequency range. 
Absorbed femtosecond laser pulse at a frequency ω creates a 
non-equilibrium distributions of photoexcited electrons and 
holes centered at an energies (with respect to the Fermi level) 
   
   
 
. Since the Pauli Exclusion Principle forbids two 
electrons fill the same state, the absorbance of graphene 
decreases, on a time scale of the carrier relaxation (see Fig. 8). 
 The saturation of absorption also takes place in optical 
medium containing single-wall carbon nanoutubes. However 
SWNTs have more complicated electron dispersion and absorbs 
only photons with energies respective to the allowed electronic 
transitions. In Fig. 9 the absorption saturation curves measured 
using the Z-scan technique in graphene (a) [44] and SWNTs (b) 
[45] are presented. 
 
 
Figure 9.The absorption saturation curves measured using Z-scan technique in: 
 (a) graphene [44]; (b) carbon nanotubes [45].  
 
 
1.4.5.1 Saturable absorption measurements in graphene and 
nanotubes 
 
Among the methods to study photoexcited carriers dynamics 
the ultrafast transient absorption spectroscopy often referred to 
as pump-probe spectroscopy is one of the most informative. 
Pump-probe technique allows one to trace the ultrafast 
dynamics of photoexcited carriers in time domain. Femtosecond 
resolution of this method allows one to study a mechanisms 
responsible for the ultrafast excitation and relaxation processes 
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on a time scale of several femtoseconds. Understanding of this 
mechanism in graphene and graphene based materials are 
essential for various optical and electronic applications. 
However, despite the extensive study of the photoexcited 
carriers dynamics in thin graphite films since 1990 [46] the 
underlying physical mechanisms of the ultrafast nonlinear 
response in graphene still remain unclear.  
In pump-probe spectroscopy, two light pulses are used. 
The pump pulse is typically much stronger than the probe pulse, 
which is delayed with respect to the pump pulse. Pump and 
probe pulses may have different center wavelengths. Moreover, 
the probe beam may have a wide spectrum being a femtosecond 
continuum. The femtosecond time resolution is obtained by 
sending one of the pulses through an optical delay line 
(typically motorized). Relatively strong pump beam initiates 
changes in the absorption coefficient of the medium. These 
changes can be visualized by the probe pulse, which enters the 
sample later with respect to the pump. Thus by monitoring the 
dependence of the absorption coefficient on the pump pulse 
intensity and the pump-probe delay one can obtain information 
on the dynamics of the photoexcited carriers. There are various 
schemes of the pump-probe experiment. The scheme of the 
generic transient absorption pump-probe experiment is 
presented in Fig.10. 
 
Figure 10.The principle of pump-probe experiment. 
 
In the simplest pump-probe experiment pump and probe 
beams have the same central wavelength. More complex 
experiment involves the pump and probe beams centered at a 
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different wavelengths. For example wavelengths of a second or 
fourth harmonics or the irradiation of a parametric amplifier can 
be used as a pump beam. In some cases femtosecond (white-
light) continuum, which can be generated in a various media 
including water and crystals, is used to probe the induced 
changes in a broad spectral range. Such type of pump-probe 
experiment with the broadband probe is the most informative 
but also rather complicated [47]. 
 
1.4.5.2 Carbon nanotubes 
 
Historically the studies of carrier dynamics in carbon nanotubes 
were started earlier than in graphene [48-59]. Successful 
application of SWNTs as a saturable absorber in a fiber laser [60, 
61] has additionally stimulated interest of the research 
community to the ultrafast spectroscopy of CNTs. However in 
spite of extensive research efforts during the last decade, some 
fundamental aspects of the dynamics of the photoexcited 
carriers in SWNTs are still unclear [62]. This is partially because 
SWNTs nearly always agglomerate in bundles, which makes the 
investigation of optical properties of individual tube virtually 
impossible. As far as SWNTs are studied in suspensions or 
polymer films, another problem is to distinguish the spectral 
changes induced in SWNTs and the matrix, which can also 
interact with SWNTs affecting their optical properties [59].  
The nanotubes with different diameters and type of 
conductivity demonstrate different optical responses. However, 
the existing experimental results allow one to point out some 
general features of carrier dynamics in SWNTs [48, 56-59]. 
Specifically, the photoinduced absorption dynamics in SWNTs 
can be described in terms of the bi-exponential relaxation 
process.. The fast component with characteristic time several 
tens of femtoseconds is responsible for an intraband relaxation. 
Slower component with characteristic time of 100-1000 
femtoseconds corresponds to a nonradiative interband 
recombination. Some authors have also reported observation of 
the third-intermediate component related to an electron-phonon 
coupling [52, 53].  
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1.4.5.3 Graphene 
 
Recent advances in graphene synthesis methods provide high 
quality samples available for optical experiments. High optical 
nonlinearity together with a simple, in comparison with carbon 
nanotubes, band structure and good mechanical properties 
caused a great interest for pump-probe spectroscopy in 
graphene. Time-resolved spectroscopic studies of graphene are 
important for understanding of fundamental aspects of carrier 
dynamics as well as for laser applications. The first ultrashort 
pulse laser working with graphene was demonstrated in 2009 
[63, 64]. The subpicosecond relaxation times of photoexcited 
carriers high optical nonlinearity and broad absorbance range, 
makes grapheme, SWNTs and other graphene based materials 
promising candidates to replace semiconductor saturable 
absorbers in modelocked lasers.  
Temporal evolution of the photoexcited carriers in 
graphene is usually considered to be a four stage process (see 
Fig. 8) [63, 64-71]. In the first stage, a femtosecond light pulse 
creates non-equilibrium ensembles of electrons and holes 
centered at a half of the excitation photon energy (E0=ћωpump/2) 
with respect to the Dirac point. During the second stage, lasting 
for several tens of femtoseconds, the ensembles arrive at quasi-
equilibrium via carrier-carrier scattering governed by a strong 
Coulomb interaction. In the third stage that takes place in the 
time scale of hundreds of femtoseconds, the photoexcited 
carriers are cooling down by transferring energy to the lattice 
via optical phonons and electron-hole recombination, which is 
accompanied by photon or plasmon [70] emission. The electron-
hole recombination gives rise to a broadband 
photoluminescence [72-74]. Finally (stage 4), the system arrives 
at equilibrium within several picoseconds via interaction of 
carriers with acoustic phonons. The scenario outlined above 
resembles that taking place in conventional semiconductors, in 
which carrier-phonon scattering dominates while the Auger-
type processes play no significant role in the relaxation 
dynamics.  However, such a conventional scenario does not 
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necessarily take place in graphene, in which the Auger-type 
processes may prevail especially at high excitation densities [75]. 
1.5. APPLICATIONS OF GRAPHENE AND CARBON NANOTUBES 
FOR MODE LOCKING 
1.5.1 Mode-locking 
 
The shortest laser pulses are generated in mode-locked lasers. 
Conventionally the distance between longitudinal modes in the 
laser cavity is shorter than the gain bandwidth Δν of gain media 
(in solid state lasers Δν is about 1011-1012 Hz). Therefore several 
longitudinal modes are simultaneously generating when a laser 
operates in the multimode or free generation regime. The 
synchronization between the phases of cavity modes in a time 
domain is called mode-locking. It can dramatically change the 
laser performance leading to generation of trains of short pulses 
with a repetition rate of T=2L/с and a pulse width of τ≈T/m≈
1/Δν, where m is a number of longitudinal modes. The pulse 
power of mode-locked laser is m times higher than in laser 
operating in a free generation regime. To avoid interference and 
additional selection between the modes in mode-locked lasers, 
all optical elements inside the cavity and the edges of the active 
medium are tilted at a Brewster angle or bleached at the 
working wavelength.  
 The mode-locking can be active or passive. The active 
mode-locking involves the periodic modulation of resonator 
losses or of the phase that pulse accures after cavity round trip 
by e.g. an acousto- or electro-optic modulator. In the case of 
passive mode-locking the modulation of resonator losses is 
achieved “automatically” using saturable absorber, an optical 
component whose optical loss decresases at high optical 
intensities. The faster saturable absorber the shorter pulses are 
generated in the cavity.  
 Nowadays most ultrashort pulse lasers are passively 
mode-locked. Recent advances in nanotechnology have made it 
possible to create materials well suited for laser applications [77]. 
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In particular organic dye cells, which were routinely used for 
mode-locking in a visual and near-IR spectral range, have 
recently been replaced by metal or semiconducting 
nanoparticles embedded in a glass matrix and quantum-well-
based semiconductor saturable absorber mirrors (SESAMs) [78]. 
However, these advanced nonlinear optical materials are 
capable of working in a narrow spectral range (in the close 
vicinity of an interband resonant transition) and may suffer 
from a fast laser-induced degradation. 
Recently carbon nanotubes were proposed as an alternative 
material for mode-locking in a wide spectral range. Ultrafast 
relaxation of electronic excitations together with high 
absorbance change ratio allows one to apply this material for 
mode locking of different lasers. However, necessity of using 
polymer or glass matrix to embed the CNTs and selectiveness of 
working spectral range predetermined by diameters of 
embedded CNTs significantly narrows the applicability of CNT 
as saturable absorbers [79-81].  
 
1.5.2 Mode-locking with graphene 
 
Graphene is another prospective candidate to be used as an all-
wavelength saturable absorber. This is in particular due to 
unusual gapless band structure of graphene that make optical 
properties of this material practically independent on the 
wavelength for visual and IR light. Strong optical nonlinearity 
and subpicosecond relaxation times allow one to use graphene 
based materials for laser mode-locking and for optical switchers 
operating continuously in a wide spectral range.  
The generation of femtosecond pulses achieved with 
graphene saturable absorber was first demonstrated in 2009 [64]. 
In this work 415 fs laser pulses with pulse energy of 7.5 nJ were 
generated in mode-locked erbium fiber laser operating at 1576 
nm. Later mode-locking with graphene was achieved in fiber 
lasers operating at 1560-1565 nm [64, 71, 82] and in tunable at 
range of 1580-1600 nm soliton fiber laser [83]. 
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Also graphene saturable absorbers were successfully used in 
bulk solid-state lasers. The mode-locking regime with graphene 
was realized in Nd:YAG (4 ps, 1064 nm) [44] and Er:Yb (260 fs, 
1550 nm) [83] lasers [80].  
1.5.3 Mode-locking with single-wall carbon nanotubes 
 
First lasers exploiting non-linear optical properties of SWNTs 
were built in 2003 [45, 60, 61, 85]. Since that time different 
modifications of saturable absorbers based on SWNTs were 
used in variety of lasers operating at wavelengths ranging from 
850 nm up to 2100 nm [45, 84-89]. The shortest pulses in a lasers 
mode-locked have a pulse width 68 fs and were obtained in 
Er:Yb laser mode-locked with SWNTs [80, 81, 90]. 
 
 
2 Experimental materials 
and instruments 
This chapter presents the detailed descriptions of the graphene 
based materials samples and the instruments used for 
investigation of their optical properties.    
2.1 MATERIALS  
2.1.1 Polymer films containing SWNTs  
 
To investigate the nonlinear optical properties and to create a 
saturable absorber with necessary spectral characteristics, 
commercially available nanotubes produced by a high-pressure 
CO decomposition (HiPCO) technique were employed [91, 92]. 
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Fig.11 (a) shows the transmission electron microscopy (TEM) 
image of individual SWNT. 
Carbon nanotube material is a black microfine powder 
inapplicable for optical measurements. Therefore the SWNT 
powder was embedded into polymer matrix (polymer+SWNT). 
To prepare a polymer+SWNT film sample of optical quality the 
nanotube powder was mixed with a 1% aqueous solution of 
carbomethylcellulose. An ultrasonic treatment (Heilscher 
UP200H, 1 h, 200 W) followed by ultracentrifugation (Optima 
Max E, Beckman Coulter, 1 h, 140000 g) enabled the separation 
of SWNT bundles. The upper fraction of the solvent was mixed 
with the carbomethylcellulose powder. The SWNT polymer film 
was formed by liquid suspension casting on a flat smooth 
substrate, followed by a slow drying. The concentration of 
SWNTs in the carboxymethylcellulose film was 0.01 wt % at the 
film thickness of 5 μm. To employ the film as a saturated 
absorber in the laser cavity, some films were deposited on 
quartz substrates [93]. The photos of prepared films containing 
SWNT are presented in Fig. 11 (b, c). 
 
 
 
Figure 10.(a) Transmission electron microscopy image of individual single-wall 
carbon nanotube; (b) The photographic image of polymer film containing HipCo 
SWNTs; (c) The photographic image of polymer+SWNT films deposited on quartz 
substrates. 
 
2.1.2 Carbon nanotube yarns 
 
Carbon yarns artificially twisted of individual multi-wall 
nanotubes (MWNT) were also used in the experiments. These 
yarns were prepared by the group of Prof. Baughman in 
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University of Dallas in Texas. The detailed description of carbon 
nanotube growth method and the twisting technology is given 
in the Ref. [94]. In Fig. 12 the scanning electron microsopy (SEM) 
images of the yarns are demonstrated. Yarns with diameter d= 
5μm and the length l=12 mm were used in the experiments. 
Each of the used yarns was twisted of more than 200000 
individual MWNTs. The Ohmic resistance between the ends of 
each yarn was about 10 Ω. 
 
 
Figure 12. The SEM images of carbon nanotube yarns: 
(a)twisting of the yarn from multiwalled nanotubes forest; 
(b) the image of individual yarn used in the experiments. 
2.1.3 Graphene  
 
The samples of multilayer graphene placed on a thin glass 
substrates were used in the experiment. The samples containing 
different number of atomic layers were prepared using two 
modifications of the chemical vapour deposition (CVD) [95, 96] 
process. The samples containing less layers have been prepared 
using a cold-wall CVD [95]. In this process, a multilayer 
graphene was grown on the Ni foil with a linear size of 10x50 
mm2 and a thickness of 50 μm. The foil was first heated by an 
electrical current up to 850o-1050o C during 2 minutes in CH4/H2 
atmosphere and then it was instantaneously cooled down to the 
room temperature. The processed foil was etched in 0.1 g/mL 
FeCl3 during 24 hours. After the complete removal of the Ni foil, 
the free standing graphene film was washed in a distilled water 
to remove traces of FeCl3 etchant. Afterwards it was transferred 
onto the glass substrate. The typical images of CVD graphene 
are shown in Fig. 13 (a,b). 
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Figure 13. (a)The SEM image of CVD graphene sample; 
 (b) photographic images of CVD graphene samples of different thickness. 
 
Another synthesis method which was used to prepare 
graphene samples is a direct current (DC) plasma-enhanced (PE) 
CVD. The PECVD multilayered graphene was grown onto the 
polycrystalline (500 μm thick) Ni foils of 40x40mm2 size from a 
hydrogen–methane gas mixture activated by a DC discharge [96, 
97]. In order to separate the grown graphene films from the Ni 
foils the mixture of sulfuric (H2SO4) and nitric (HNO3) acids was 
used. The free standing multilayer graphene was transferred to 
the glass substrates similar to the way described above. The 
PECVD samples consist of greater number of graphene layers 
but have bigger planar sizes. Typical images of PECVD 
multilayer graphene samples are presented in Fig. 14.  
 
 
 
Figure 13.(a)The photographic images of PECVD multilayer graphene samples;  
(b) the SEM images PECVD multilayer graphene. 
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2.1.4 Nanographite 
 
Another type of graphene based structures studied in this work 
is so called nanographite. The nanographite films were obtained 
using the PECVD method. However alike graphene, here in the 
deposition process the silicon 25x25 substrates were used. The 
nanographite films synthesis is described elsewhere [97]. 
The prepared nanographite films consist of multilayer 
graphene flakes of 2 to 10 nm thickness and with linear sizes of 
0.5 to 3 μm. The graphene layers composing the flakes are 
predominantly orientated perpendicular to the substrate surface 
with deviation from a normal about ±20° *98]. The typical SEM 
and TEM images of the nanographite film are presented in Fig. 
15. 
 
 
Figure 15.The SEM and TEM images of PECVD grown nanographite film 
 
2.1.5 Linear absorption spectroscopy of the samples 
 
The principle of absorption spectroscopy is to measure the 
absorption of an incident radiation with intensity I as a function 
of the incident wavelength. In accordance with Beer-Lambert 
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law the linear optical absorption of the medium can be 
expressed as: 
 
        
    ,           (2.1) 
 
where I is intensity of the incident light, l is the path length and 
α is the absorption coefficient of the medium. 
 Linear absorption spectroscopy is relatively simple 
but very informative experimental method to study the 
properties of carbon materials. All the samples containing 
SWNTs and graphene samples were characterized via 
optical spectroscopy in a wavelength range of 350-2000 nm. 
The spectra were registered using Perkin Elmer Lambda 
950 UV-Vis-NIR spectrophotometer.  
 
 
Absorption spectra of graphene 
 
The spectral features of linear absorption spectrum of in 
graphene are discussed in Chapter 1. Under assumption 
that one graphene layer absorbs 2,3% [19] of incident 
photons, the linear absorption spectra of the manufactured 
samples allow one to estimate the number of graphene 
layers. In this work, six multilayered graphene samples 
were employed. The optical transmission spectra 
commonly used to determine the number of stacked layers, 
are presented on Fig.16. These spectra correspond to the 
samples containing 5, 15, 34, 37, 39 and 40 graphene layers. 
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Figure 16.The transmission spectra of multilayer graphene samples with different 
number of layers. 
 
 
Transmission spectra of SWNT 
 
Each resonance in the linear absoption spectrum of media 
containing SWNTs corresponds to individual nanotube 
with a unique geometry. Therefore the linear absorption 
spectroscopy is a powerful tool to determine the type and 
diameter distribution of SWNTs contained in the sample. 
In experiments described in this Thesis, SWNTs were 
embedded in polymer matrices. The absorption spectra of 
five polymer films containing different concentration of 
HipCO SWNT are presented in Fig. 17. The spectra show 
several resonances in the spectral range of 1.1-1.5 μm that 
originate from carbon nanotubes with different diameters. 
Particularly the resonance at 1320 nm corresponds to 
semiconducting nanotubes with a diameter of 1.1 nm.  
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Figure 17. The transmission spectra of polymer+SWNT films containing different 
concentrations of HipCO nanotubes. 
2.2 LASER SOURCES 
 
In the experiments reported here two types of laser excitation 
was used: (i) excitation with nanosecond laser pulses; (ii) 
excitation with femtosecond laser pulses. The detailed 
description of the laser systems used as a source of excitation is 
presented below. 
2.3.1 Optical parametric amplification principles 
 
Optical parametric amplification is one of the most 
attractive methods to get wavelength tunable ultra short 
pulses. Optical parametric amplification is the second 
order nonlinear optical effect that can be seen a fusion of 
the pump photon that gives signal and idler photons. The 
energy and momentum conservation yield the following 
relationships between frequencies and wavevectors of the 
interacting light waves: 
 
                     ,      (2.3) 
 
                    ,      (2.4) 
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where              ;                   ;                 are 
the wavevectors and frequencies  of the pump, signal and 
idler waves, respectively. Equation (2.4) is often referred as 
the phase-matching condition. In anisotropic crystals (e.g. 
BBO) the phase matching condition (2.4) can be satisfied 
when polarizations of co-propagating signal, idler and 
pump beams are not the same. When the phase matching 
condition is met, the amplitude of the signal is growing 
exponentially in the presence of the pump beam, i.e. the 
phenomenon of the parametric amplification occurs.  
Equation (2.3) is valid for certain phase-matching 
angle between the direction if propagation and optical axis 
of the nonlinear crystal. Since this angle is different for 
different signal and idler pairs, the wavelength tuning of 
the OPA can be obtained by rotating the nonlinear crystal.  
 
2.3.2 The Laser Vision optical parametric oscillator (OPO) 
 
 
The LaserVision custom-built Optical Parametric 
Oscillator/Optical Parametric Amplifier (OPO/OPA), is a 
powerful solid state source of broadly tunable coherent 
radiation. The optical scheme of the OPO is presented in Fig. 18. 
 
 
 
Figure 18. The optical scheme of Laser Vision optical parametric oscillator 
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To produce the visible and infrared light, the OPO/OPA is 
pumped by a the 1064 nm fundamental light from a Nd:YAG 
laser. This beam is immediately split on m1 mirror. 
Approximately 60% of it (transmitted beam) is sent through the 
optical delay line (m2, m3) to the amplifier for difference 
frequency generation. The frequency of  remainder beam 
(reflected beam) is doubled in a KTP (KTiOPO4) crystal. This 
newly created 532 nm light is directed to the oscillator (OPO) 
stage. The OPO generates tunable signal and idler waves by 
angle tuning two, counter-rotating KTP crystals. The frequency 
mixing of idler signal with the 1064 nm pump beam in a KTA 
(KTiOAsO4) crystal creates the mid-infrared light at a difference 
frequency (1350-4000 nm). The output signal and idler IR-pulses 
at a tunable wavelength are used as an excitation in the 
photoelectric experiments. 
2.3.3 Optical pumping for THz generation 
 
Fig.19 shows the whole setup of the laser system used for 
optical pumping in the THz experiments. A Ti:Sapphire 
femtosecond mode-locked laser Mira 900 is pumped by 
CW Nd:YVO4  green (532 nm) laser Verdi V6, and is used 
as a seed beam of a regenerative amplifier RegA 9000. The 
amplifier is also pumped by CW green laser Verdi V10. All 
the lasers are products of Coherent Inc. The setup sketched 
in Fig. 19 gives 200 fs pulses at 120 kHz repetition rate. The 
central wavelength of the output beam is 800 nm and the 
average power is about 600 mW. 
 
 
 
Figure 19. The whole laser system used for THz experiments 
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2.3.4 The optical sources for pump-probe experiments 
 
CDP femtosecond parametric amplifier (the pump source) 
 
 Most modern femtosecond parametric amplifiers 
use BBO (β-BaB2O4) nonlinear crystal. Comparing to other 
non-linear crystals BBO demonstrates higher nonlinearity, 
less group velocity dispersion and has higher damage 
threshold. 
In the OPA employed as a pump source in the 
pump-probe experiments, the spectrally selected part of 
femtosecond white light continuum was parametrically 
amplified by pumping of BBO type II crystal by 
femtosecond pulses at fundamental frequency near 780 nm. 
The OPA provide the output femtosecond pulses with a 
central wavelength continuously tunable in a 1100 – 2500 
nm spectral range. The output signal and idler beams are 
always orthogonally polarized. The optical scheme of OPA 
is presented in Fig. 20. 
 
 
 
 
Figure 20. The optical scheme of femtosecond parametric amplifier 
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Femtosecond continuum as a probe pulse 
 
Simultaneous probing of the light induced absorbance 
change in the pump-probe experiment in a broad spectral 
range gives additional information on the energy 
distribution of excited carriers. In order to create such a 
spectrally broad femtosecond pulse the output beam of 
Ti:Sapphire laser was focused in a sapphire plate. This 
allowed to obtain the probe beam with a broad spectrum 
spanning from 400 nm to 1800 nm. The sapphire plate and 
a generated femtosecond continuum are shown in Fig. 21. 
 
 
 
Figure 21. The photographic images of the sapphire plate  
and the generated femtosceond ”white light” continuum. 
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3 DC photoresponse of 
graphene and other 
graphene based 
nanostructures 
This chapter is devoted to the second-order nonlinear effects in 
graphene, nanographite and carbon nanotube yarns. In 
particular the nonlinear properties of these materials manifest 
itself in the fast electric response under laser irradiation. It is 
found that interaction of nanographite and carbon nanotube 
yarns with nanosecond laser pulses produces the electric current 
with intensity depending on the incidence angle and 
polarization of the laser beam. First observation of fast 
photoresponse in nanographite where reported in 2004 [26]. 
There the photoresponse was interpreted in terms of optical 
rectification [28]. However new experimental results obtained 
and reported in this thesis significantly broaden the 
understanding of physical mechanism underplaying the fast 
photoresponse of graphene based materials. Also the results of 
performed experiments allowed the first observation and 
control of THz emission from multilayer graphene. The results 
of THz experiments are also presented in this chapter. 
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3.1 PHOTORESPONSE OF CARBON NANOTUBE YARNS  
3.1.1 Experimental 
 
In the experiment seven parallel MWNT yarns were placed 
on a glass substrate and clamped between two conductive 
copper electrodes attached to a rotation (α,β) optical stage. The 
principal scheme of the experiment is presented in Fig. 22. The 
spacing and the ohmic resistance between the electrodes 
attached to the carbon nanotube yarns were 10 mm and 70 Ω, 
respectively. The interelectrode capacitance was less than 1 pF. 
The electrodes were connected to a digital oscilloscope (LeCroy, 
WaveSurfer 400) with 400 MHz bandwidth and input 
impedance of 50 Ω. 
 
Figure 22. The schematic presentation of the photoelectric response 
experiment  
 
The yarns were irradiated by the 10 ns long laser pulses 
delivered by OPO (Laser Vision) described in Section  2.1. The 
pulse energy was up to 20 mJ and a repetition rate of 10 Hz at a 
wavelength of 1600 nm. The p-polarized laser beam had a 
diameter of 4 mm. The irradiated surface area of the MWNT 
yarns varied from 0.2 to 0.8 mm2 depending on the angle of 
incidence. The incidence angle α varied by rotation of the optical 
stage. Special attention was paid to avoid illumination of the 
electrodes and adjacent film area by the laser radiation. The λ/4 
wave plate and prism-polarizer allowed variation of the angle φ 
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between the field vector E and the plane of incidence σ (see Fig. 
22). The energy ε of the laser pulses was measured using 
conventional power meter (Gentec-EO, QE-15) and was 
averaged over 10 pulses for each measurement.  
3.1.2 Results 
 
The laser excitation gives rise to the electric potential between 
the opposite ends of the irradiated MWNT yarns. The temporal 
profile of the electric signal measured with an oscilloscope was 
virtually identical to that of the incident laser pulse measured by 
an InGaAs photodiode. The magnitude and polarity of the 
induced electric signal strongly depend on the angle of laser 
beam incidence. 
The results of the measurements performed at the pulse 
energy of 18 mJ are presented in Fig. 23. The magnitude of the 
electric pulse is an odd function of the angle of incidence α with 
maximum at α ≈ 50°(see Fig. 23(a)) and is proportional to cosβ, 
where β is the azimuth angle between the incidence plane and 
the normal to the yarns (see Fig. 23(b)). In particular the the 
induced electric signal V vanishes at β≈90° and 270° and is 
maximal at β≈180°. 
 
Figure 23. The incidence angle (a) and azimuth angle (b) dependencies of the  
nanotube yarns photoresponse 
 
The magnitude of the electric pulse generated in the 
MWNT yarns at α = +50° and β = 0° is a linear function of the 
incident pulse power with the slope of about 750 mV/MW. The 
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fact that sign of detected signal was reversed when the 
incidence angle changed from α = +50° to α = −50°, indicate that 
the observed phenomenon does not originate from the Dember 
[34] effect occurring due to spatial inhomogeneity of the 
photoexcited carriers. 
3.1.3 Angular dependence of the DC response  
 
The angular dependences of the light-induced signal presented 
in 3.1.2 can be understood if one recalls that the photon drag 
current in the yarn is determined by the light flux S along the 
yarn axis l. By taking into account transmittivity of the yarn-
vacuum interface 
 
     
    
              
 
 
,       (3.1) 
 
where n is the effective refractive index of the yarn, the photon 
drag current can be presented in the following form: 
 
             ,         (3.2) 
 
where a is a material parameter and I is the light intensity. 
Therefore, the angular dependence of the light-induced voltage, 
 
  
   
    
 ,             (3.3) 
 
where ρ is the resistance of the yarn per unit length, is given by 
 
   
         
                
          (3.4) 
 
One can observe from equation (3.4) that at n1, the signal is 
proportional to sin 2α cos β. However, a finite value of the yarn 
refraction index affects the incidence angle dependence of the 
signal. In the experimental conditions, the maximum magnitude 
of the photon drag signal was observed at α ≈ 50° rather than at 
α = 45°. 
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The angular dependence of the light-induced dc signal in 
MWNT yarns resembles that in nanographite film, in which this 
phenomenon was described in terms of optical rectification 
effect on the quadrupole second-order nonlinearity [34]. 
However, when free carriers dominate the light-induced dc 
response, e.g., in metal and semiconductors, this phenomenon 
can be seen as a manifestation of the photon drag effect. This 
effect arises from the transfer of momentum from photons to 
free carriers in an absorption process mediated by the electron-
phonon coupling. In this process, free carriers acquire a directed 
motion caused by the absorbed photon momentum. Thus 
similarly to the optical rectification effect on the quarupole 
nonlinearity, the photon drag effect is entirely due to a 
momentum carried by the light wave. The participation of the 
phonons in the process of photon momentum transfer is 
required by the energy and momentum conservation laws, and 
implies a strong electron-phonon coupling. On the other hand, 
the light-induced current exists only during the momentum 
relaxation time, which is also determined by the electron-
phonon coupling. The strong electron-phonon coupling gives 
rise to a higher photon momentum transfer rate and to shorter 
momentum relaxation time. This is why the photon drag effect 
has been observed in rather limited number of semiconductors 
and semimetals where these conditions can be fulfilled for 
intraband transitions only. 
The observation of photon drag effect in carbon 
nanotube yarns as well as in other graphene based materials is 
due to their unique electronic properties. Ballistic or 
quasiballistic electron transport in graphene based materials 
ensures relatively long momentum relaxation time despite the 
[100, 101] strong electron-phonon coupling. Another important 
feature of carbon nanotube yarns and also nanographite is that 
the thickness of the yarns (graphene crystallites) is much smaller 
than the light penetration length, i.e., all electrons beneath the 
irradiated area are dragged by photons. This is in contrary to 
bulk graphite, where the photon drag current is generated only 
in the skin-layer-deep subsurface area, and hence shortcut by 
highly conductive adjacent graphene layers. 
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In Fig. 24 the light-induced electronic transitions 
occurring in the electronic subsystem of graphitic material are 
schematically sketched. For sake of simplicity in this picture, the 
band structure of graphene (see Chapter 1) is used. Also, the 
interaction of the non-equilibrium electrons with phonons, 
which takes place later, is not shown in Fig. 24. An electron-hole 
pair is created when energy  ω of the incidence photon matches 
the energy gap between the valence and conduction bands, 
which cross at the Fermi level. The absorbed photon increases 
the electron momentum in the conduction band by the photon 
momentum  q. One can observe from Fig. 24 that the absorption 
of two identical photons of the same energy and momentum is 
possible for two electrons moving in opposite directions in the 
conduction band. However, the total momentum of electrons 
generated due to light absorption is nonzero, i.e., light-induced 
interband transitions produce electric current due to dragging of 
charge carriers by photons. Therefore the direction of the 
induced current is fully determined by the momentum of 
incident photons, which can be controlled by the incidence 
angle and the polarization state of light (see Fig. 23).  
The photon drag current can be detected by measuring voltage 
between electrodes attached to the sample, as it was performed 
in the experiment. Although the appearance of the 
uncompensated carriers’ momentum is possible in other 
materials, usually the photon drag current is very small to be 
detected because of high momentum relaxation rate. A 
relatively long momentum relaxation time for intersubband 
transitions in some semiconductors has made it possible to 
observe the photon drag effect in the far IR region. However, in 
carbon nanotubes, nanographite and other graphene based 
materials, ballistic conductivity and moderate momentum 
relaxation rate are expected for non-equilibrium free electron 
carriers generated by absorption of photons with energies in the 
visual and near-IR spectral range. 
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Figure 24. Band structure of graphene in the vicinity of K point. Energy and 
momentum conservation imply that absorption of two photons of the same energy and 
momentum creates two electrons in the conduction band with different momenta, i.e., 
light-induced interband transitions produce electric current due to dragging of charge 
carriers by photons. 
 
3.2 EXPERIMENTS ON PHOTORESPONSE OF NANOGRAPHITE 
The experimental studies of the fast photoresponse in 
nanographite thin films were started as early as 2004 [26-28]. 
However, in spite of comprehensive studies of angular 
dependences of light-induced phenomena (similar to those 
presented in 3.1 for CNT yarns) the polarization-sensitive 
photoelectric measurements have not been performed yet. 
Assuming that the photoresponse of graphene based materials 
is due to the momentum transfer from the incident photons to 
electrons; one may expect the pronounced dependence of the 
photoresponse on the polarization state of the excitation beam. 
In this paragraph the results of such polarization-sensitive 
experiments in nanographite are presented and discussed. 
 
3.2.1 Experimental 
 
To perform the photoresponse measurements, the 
nanographite film consisting of multilayer graphene flakes of 2 
to 10 nm thickness (see Chapter 2) was clamped between two 
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parallel conductive copper electrodes and placed on a rotation 
stage (similarly to experiments with CNT yarns, described in 
section 3.1). The spacing and the ohmic resistance between the 
electrodes attached to the nanographite surface was 20 mm and 
105 Ω respectively. The interelectrode capacitance alike the 
experiment with CNT yarns was less than 1 pF. The same as 
described above, 400 MHz digital oscilloscope was used to 
register the light induced electric signal. 
To optically excite the sample at 1064 nm and 532 nm the 
fundamental and second harmonic beams of the mode-locked 10 
ns Nd:YAG laser were used. In the spectral range from 1350 nm 
to 4000 nm, the photoexcitation was performed using the optical 
parametric oscillator (OPO) LaserVision pumped by the 
fundamental beam of the Nd:YAG laser (see detailed 
description of laser sources in Chapter 2). All the measurements 
were performed at 1 Hz repetition rate.  Contrary to the 
experiments with the CNT yarns, in these experiments the 
incidence angle was always set to α = 45° and the azimuth angle 
φ between the field vector E and the plane of incidence σ (see 
Fig. 25) was changed. The polarization plane azimuth opf the 
excitation beam was controlled by rotation of λ/4 wave plate 
and prism-polarizer. The beam diameter on the nanographite 
film surface was about 3 mm in all the cases.  
 
Figure 25. Sketch of the experimental setup with electrodes A and B oriented 
perpendicular to the plane of incidence. Axes of the laboratory Cartesian frame are 
shown: n is the unite vector along the film normal, k is the wave vector of the incident 
beam, σ is a plane of incidence, φ is polarization azimuth measured with respect to the 
plane of incidence σ, and E is the electric field vector. 
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3.2.2 Results 
 
In our experiment, the difference in the electric potential 
between the electrodes attached to the surface of the film 
irradiated by an intense laser pulse was detected with the 
oscilloscope. The magnitude of the induced electric signal was a 
linear function of the excitation laser pulse power. The 
measurements were performed when the plane of incidence σ 
was oriented either perpendicular or parallel to the electrodes A 
and B. At the p-polarized excitation and angle of incidence of 
45°, the polarity of the induced voltage was always positive, i.e., 
potential on the electrode A was negative with respect to the 
electrode B. 
 
 
 
Figure 26. The wavelength dependencies of the photoresponse voltage magnitude 
obtained with s- (red filled circles, bottom) and p- (blue open circles, top) polarizations. 
 
The magnitude of the voltage U generated between the 
electrodes A and B was measured as a function of the 
polarization azimuth φ and excitation wavelength λ. Fig. 26 
shows the wavelength dependence of the power-to-voltage 
conversion coefficient η(φ, λ) = U(φ, λ)τ/ε, where τ is the laser 
pulse duration, obtained with p-(φ = 0) and s-polarized (φ = π/2) 
excitation. In this experimental configuration, the electrodes 
were perpendicular to the plane of incidence σ. It is worth 
noting that the observed polarity of the light-induced signal was 
always of a positive polarity (a negative potential on the 
electrode A) for the p-polarized excitation beam. The 
dependencies presented in Fig. 27 demonstrate that η decreases 
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at lower photon energy and that the conversion efficiency is 
noticeably lower for the s-polarized than for p-polarized light in 
the whole spectral range. However, at s-polarized excitation, the 
sign of η(φ, λ) changes in the vicinity of λcr = 2128 nm and 
remains negative at longer wavelengths. 
Fig. 27 shows the polarization dependencies of the 
power-to-voltage conversion coefficient (φ, λ) at the excitation 
wavelengths λ1= 1350 nm, λcr= 2128 nm and λ3= 2600 nm.  
When the incident plane perpendicular to the electrodes the 
polarization dependece of the power-to-voltage conversion 
coefficient of the nanographite film is well described by the 
following equation (see Figure 27 (a), (b)):  
 
                 
 
 
      .                                                  (3.5) 
 
The conversion coefficient for p- and s- polarizations (η(0) and  
  
 
 
 , respectively) obtained from the fitting of experimental 
data are presented in Table I. 
 
 
 
Figure 27. The polarization dependencies of the conversion coefficient for the 
transversal (a) and longitudinal (b) configurations. The experimental configurations 
are sketched in the insets. Open circles represent experimental data while solid lines 
show fitting. Blue (top), black (bottom), and red (middle) curves correspond to 
excitation wavelengths λ1 = 1350 nm, λcr = 2128 nm, and λ2 = 2600 nm, respectively. 
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Table I The power-to-voltage conversion coefficient for p- and s- polarized excitation. 
Excitation 
wavelength 
η(0), 
mV/MW 
η(π/2), 
mV/MW 
1= 1350 nm 31,58 ± 2,06 7,82 ± 1,18 
cr = 2128 nm 21,89 ± 0,37 0,36 ± 0,11 
2 =2600 nm 40,24 ± 3,77 -3,81 ± 0,92 
 
3.2.3 Photon drag versus surface photogalvanic effect 
 
One can see from Table I that the conversion coefficient 
for s-polarization (  
 
 
 ) changes sign in the vicinity of the cr = 
2128 nm. In the longitudinal geometry with the electrodes A and 
B parallel to the plane of incidence σ, the conversion coefficient 
shown in Fig. 30(b) is well described by the following equation: 
 
       
 
 
                      (3.6) 
 
In both transversal and longitudinal geometries we 
observed a linear dependence of the photoinduced signal  on the 
excitation pulse power [26]. This indicates the second order  
nonlinear optical effect [102]. The measured polarization 
dependencies of the photoresponse in both geometries are close 
to those predicted for the surface photogalvanic (SPGE) [39] and 
photon drag effects (PDE) [36].  
The photon drag effect, which originates from the 
phonon-mediated transfer of the absorbed photons momentum 
to free carriers, was already discussed for the similar case of 
CNT yarns in 3.1. In this experiment the dragged electrons 
should move towards electrode B, i.e. the laser irradiation of the 
nanographite film produces electric signal (voltage) between A 
and B with negative polarity. 
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The SPGE is another effect which may contribute to the 
fast photoresponse of nanographite. The SPGE originates from 
the anisotropy of the momentum distribution of photoexcited 
carriers, which moves predominantly along the polarization 
azimuth of the excitation beam. If carriers in the sub-surface 
layer were excited by p-polarized beam, carriers moving 
towards the bulk will conserve their momentum for a longer 
time than those moving towards the surface. As a result carriers 
move along the surface giving rise to the surface current [39]. In 
the experimental arrangement shown in Fig. 25, the electron will 
move towards the electrode A. Thus in our experimental 
conditions, the SPGE leads to signal of a positive polarity. The 
SPGE is sketched in Fig. 28. 
 
 
Figure 28. The sketch of the light induced current occurring in case of surface 
photogalvanic effect (SPGE). 
 
The photoresponse due to SPGE vanishes when the 
exciatation beam either (i) propagates along the film normal or 
(ii) is s-polarized. In our experiment, there was no signal 
observed at normal incidence, i.e. condition (i) has been met. 
However the non-zero signal was observed for the s-polarized 
excitation (see Figure 27 (a)). This can be explained by the 
influence of nanographite film morphology on the polarization 
state of the excitation laser beam. Specifically, when the 
excitation wavelength is comparable or less than the typical size 
of the multilayer graphene flakes, composing the film surface, 
one may expect a strong scattering of the excitation light. This 
makes p- and s- polarized beams hardly distinguishable at the 
NG film surface. Therefore at wavelengths shorter than the 
characteristic flake size, the SPGE induced signal of positive 
polarity is the same for s- and p-polarizations. At longer 
excitation wavelengths, the scattering is suppressed and optical 
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properties of the nanographite film can be described in terms of 
the effective medium approximation, i.e. both p- and s-
polarizations are well defined at the surface. In such a situation 
the photoresponse at the s-polarized excitation is governed by 
the photon drag effect (similar to the case of carbon nanotube 
yarns (see 3.1)), which gives rise to the signal of negative 
polarity at the wavelengths longer than cr = 2128 nm. 
3.3 TERAHERTZ GENERATION IN GRAPHENE 
The experiments on photoresponse presented in 3.1 and 
3.2 demonstrate the possibility to control the direction and the 
magnitude of “fast” currents produced by the nanosecond laser 
pulses in graphene based materials by the incidence angle and 
polarization of the laser beam. This paragraph is devoted to the 
experimental results on launching THz quasi-ballistic 
photocurrents in unbiased multilayer graphene and 
nanographite films using femtosecond pulses at wavelength of 
800 nm. The photocurrents were launched in nanographite thin 
films and several samples of CVD multilayer graphene.  
3.3.1 Experimental 
 
The terahertz measurements were performed in 
nanographite films and multilayer PECVD graphene samples. 
To study the possibility and features of THz generation in the 
samples the experimental setup shown in Fig. 19 was built. The 
setup consists of two stages: i) the optical pumping and ii) the 
registration system. The detailed description of the laser sources 
used in THz experiments is presented in Chapter 2. 
The output beam of Ti:Sapphire laser (800 nm; 200 fs; 120 
kHz) was split into two parts: intensive pump beam and weak 
reference beam.  In all experiments the pump beam was linearly 
polarized and the angle between vector E and the incidence 
plane was controlled by stepwise rotation of λ/2 waveplate 
coupled with polarizer. The incidence angle of pump beam was 
always set to α=45° and the beam diameter on the sample 
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surface was less than 50 mm. The optical scheme of 
experimental setup is shown in Fig. 29. 
The induced THz emission from the sample was collected 
by golden parabolic mirrors and then focused on ZnTe electro-
optic crystal together with the delayed reference beam. To 
obtain both orthogonal components of the electric feld strength 
in the emitted THz wave (Ex, Ey) each measurement was 
performed twice: with and without 45° wire-grid polarizer 
inserted between sample and mirrors. To detect the generated 
THz signals the electro-optic sampling system consisting of 
waveplate, prism and two fast balanced photodioodes 
connected to a lock-in amplifier was used. To extract the data on 
the magnitude and phase of the generated THz signals the 
Fourier transform was applied.  
 
 
Figure 29. Terahertz measurements setup   
 
3.3.2 Terahertz measurements 
 
First experiments were performed with the nanographite 
film. The THz field was generating by femtosecond laser pulses 
at an incidence angle of 45°. The experiments were performed in 
the reflection configuration shown in Fig. 30. 
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Figure 30. The polarization dependencies of Ex and Ey components of THz field 
generated in nanographite  
 
In experiment, the amplitudes of the Ex and Ey components of 
the generated THz field were measured as a function of the 
pump polarization azimuth . As one can observe from Fig. 31, 
the THz field generated in nanographite have no pronounced 
dependence on the polarization azimuth.  
 
 
Figure 31. (a) The time-domain waveform; (b) the frequency spectrum; (c) power 
dependece of the generated THz field in multilayer graphene  
 
 
Figure 32. The polarization dependencies of Ex and Ey components of THz field 
generated in multilayer graphene with different number of layers 
 
Surprisingly similar experiments with multilayer graphene 
placed on glass substrates revealed THz signal, which was 
about an order of magnitude higher that that observed in 
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nanographite. Figure 32 shows the measured time-domain 
waveform (a), spectrum (b), and dependence of the THz signal 
on the pump power for multilayered graphene. A high 
efficiency of THz generation in graphene allowed us to study 
the dependence of THz emission on the polarization of 
excitation light. Figure 32 shows dependences of the orthogonal 
components of the THz field generated in three graphene 
samples with different thickness As a function of the 
polarization azimuth of the excitation beam. 
3.3.3 Polarization sensitive THz emission in graphene 
 
The obtained polarization dependences of the THz field are in 
agreement with the photoelectric experiments presented in 3.1 
and 3.2. These dependences are also well fitted with a cos2 and 
sin2 functions the photon drag origin of THz emission. In terms 
of photon drag the decrease of electron-phonon coupling with 
the number of stacked graphene layers (increase of thickness) 
may lead to less efficient THz emission from thicker graphene 
samples. This tendency is well pronounced in experimental data 
presented in Fig. 32. 
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CONCLUSIONS OF CHAPTER 3  
 
1. A unique combination of the strong electron-phonon 
coupling, quasiballistic electron transport, and small 
thickness of carbon nanotube yarns give rise to efficient 
transfer of momentum from photons to electrons in a wide 
spectral range that spans from far IR to ultraviolet. The 
resulting drag of quasiballistically propagating electrons 
dominates in the experimentally observed optoelectronic 
phenomena. 
 
2. Polarization-sensitive measurements of photoresponse of the 
nanographite film in a broad spectral range demonstrate 
that the photoinduced voltage originates from the surface 
photogalvanic and photon drag effects. In our experimental 
conditions, surface photogalavnic effect dominates in the 
photoresponse of the nanographite film for p-polarized 
excitation in the whole spectral range, while at the 
wavelength longer than 2100 nm the photoresponse 
originates from the photon drag effect for the s-polarized 
excitation. 
 
3. Polarization-sensitive measurements of the THz emission 
from nanographite films and multilayered graphene 
demonstrate that in both materials, the emission originated 
from the photon drag effect.  
 
4. The polarization-sensitive fast photoresponse of materials 
based on graphene makes them attractive candidates for 
optoelectronic applications in a broad spectral range. Also 
the experimental results show an intriguing opportunity for 
coherent control of the light-induced carrier motion in 
graphene.  
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4 Carbon nanotube 
saturable absorbers for 
ultrashort pulse lasers 
Experimental investigation of the applicability of SWNT based 
polymer films for laser mode-locking consists of two stages. In 
the first stage, we studied the coherent third-order nonlinear 
response of the material. This includes the measurements of the 
relaxation rate of the saturable absorption and the magnitude of 
the third-order susceptibility, using femtosecond pump-probe 
method. In the second stage, we employed the SWNT-polymer 
films for mode-locking of Nd:Y0,9Gd0,1VO4/Nd:GdVO4  and 
Nd:YAG lasers  operating in the near infra-red range. 
4.1 TIME-RESOLVED PUMP-PROBE STUDY OF SWNT BASED 
POLYMER FILMS 
 
4.1.1 Experimental 
 
To determine the kinetics of the light-induced absorbance 
change and to measure the third-order susceptibility of the 
SWNT polymer film, the femtosecond pump-probe 
spectrometer based on a commercial imaging spectrometer 
ExciPro CDP 2022i with two photodiode arrays was employed. 
The principal scheme of the measuring setup used for 
investigation of light-induced transmission change is presented 
in Fig. 33.  
In time-resolved pump-probe experiments, femtosecond 
pulses with a central wavelength tunable in the 1000-1700 nm 
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range and a femtosecond continuum were employed as a pump 
and probe, respectively. The pump pulses were delivered by an 
optical parametric amplifier (OPA) CDP 2017 (see Chapter 2), 
pumped by a Ti:Sapphire regenerative femtosecond amplifier 
Quantronix Integra-C, which was delivering 120 fs long pulses 
at a central wavelength of 790 nm with 1 kHz repetition rate. 
The probe continuum pulses were generated by focusing the 
beam at the wavelength of 790 nm and with the average power 
of 100 mW in a sapphire crystal.  
 
 
 
Figure 33. The pump−probe setup 
 
The pump pulse passed through a system of mirrors is 
focused in a spot of ≈500 μm on a sample surface. In order to 
create the probe pulse, the pulse of the Ti:Sapphire laser is 
delayed and focused in a sapphire plate. The produced white 
light continuum is split into two beams of almost equal intensity. 
Both beams are focused on a sample. The first beam serves as a 
probe and is partially coincides on the sample with the pump 
beam. Second beam serves as a reference. Transmitted probe 
and reference beams are collected by achromatic lenses and 
through the waveguides directed to spectrometer with two 
photodiode arrays, to visualize the spectrum of the continuum 
pulse in the wavelength range of 400-800 nm or 900-1800 nm 
depending on the problem in question. To improve the 
signal/noise ratio all the measurements are averaged using an 
optical chopper installed in a pump channel.  
The induced absorbance change in this case is calculated as:  
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,                                                      (4.1) 
 
Where   
           
       
     is a ratio of corresponding pump and 
reference beams intensities at a given wavelength, measured 
after the sample excitation, and  
         
       
   is a corresponding 
ratio without excitation. The obtained transient spectra are 
processed with ExciPro software. 
   
4.1.2 Time-resolved spectroscopy 
 
In our experiments, the 1.3 μm spectral region was of special 
interest. To perform the optical excitation of the SWNT polymer 
film in the spectral region of interest, the pump wavelength was 
set to 1270 nm, which almost coincides with one of the SWNT 
absorption resonance. 
The spectra of the pump pulse together with the linear 
absorbance spectrum of polymer+SWNT film are presented in 
Fig. 34(b). In contour plot (Fig. 34 (a)). The pump-induced 
absorbance change in the SWNT-based polymer film is shown 
as a function of time and probe wavelength. Fig. 34 (c) shows 
the kinetics of the pump-induced absorbance change ΔA() at 
1300 nm probe wavelength, where  is the delay between the 
pump and probe pulses. One can observe that ΔA() is well 
fitted by the biexponential decay: 
 
      
         
      ,          (4.2) 
 
where τ1≈280 fs and τ2≈5.5 ps are fast and slow decay time 
constants respectively. The obtained transient spectra of the 
pump-induced absorbance change in the wavelength range of 
1100-1500 nm obtained at several time delays between the pump 
and probe pulses are presented in Fig. 34 (d).  
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Figure 34. Results of the pump-probe measurements. (a) Contour plot of the pump-
induced absorbance change (colour bar) as a function of time and probe wavelength; (b) 
spectrum of the pump pulse at central wavelength of λ=1270 nm; (c) a temporal 
evolution of the pump-induced absorbance change at λ=1300 nm; (d) spectra of the 
absorbance change of the SWNT polymer film at pump-probe delays starting from -
100 to 1000 fs (vertically shifted for clarity). 
 
 The results of the pump-probe measurements can be 
conventionally described in terms of the third-order 
susceptibility χ(3), which is a function of the pump (λpump= 
2πc/ωpump) and probe (λprobe=2πc/ωprobe) wavelengths. When the 
probe, 
 
               
                        (4.3) 
 
and pump, 
 
                 
                         (4.4) 
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waves propagate in an isotropic medium, the Fourier 
component of the nonlinear polarization at the frequency of the 
probe wave can be be introduced by the following constitutive 
equation: 
 
                    
 
          ,         (4.5) 
 
where χ(3) is the third-order susceptibility of the medium. The 
imaginary part of the third-order susceptibility can be presented 
in terms of the light-induced absorbance change A as [104]:  
 
         
  
  
        
 
    
 
     
,         (4.6)
  
where n and L are the refractive index and thickness of the film, 
respectively, λprobe is the probe wavelength, and Ipump is the pump 
intensity. Under the experimental conditions, L= 5 μm, λprobe  
=1300 nm, ΔA= 0.02, and the third-order nonlinear susceptibility 
of the film is about              . The obtained value of 
     is an agreement with theory [105] and demonstrate 
relatively high optical non-linearity of the polymer film 
containing SWNT. 
4.2 MODE-LOCKING WITH SWNT SATURABLE ABSORBERS 
The short relaxation rates and relatively high optical 
nonlinearity of the polymer+SWNT films obtained in the pump-
probe experiment indicate the possibility to employ SWNTs as a 
saturable absorbers at 1.3 μm. This section of the thesis is 
devoted to the experiments on mode-locking of solid-state lasers 
with the SWNT based saturable absorbers. 
4.2.1 Experimental 
To investigate the performance of the polymer films containing 
SWNT in mode-locking, two solid-state lasers were designed.  
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Flash-lamp pumped solid state laser 
 
First type of laser where SWNT based films were tested as 
saturable absorbers is a bulk flash-lamp pumped laser with a 
Nd-doped active medium. The configuration of the laser cavity 
is shown on Fig. 35.  
 
Figure 35. The optical scheme of the flash-lamp pumped laser 
 
 The length of the resonator was 1.1 m. A wedged mirror 
with reflection of R = 78% at λ = 1.34 μm was used as an output 
mirror. The film and the active element were installed in the 
resonator at Brewster angle with respect to the resonator axis. 
This prevents frequency discrimination due to reflection of the 
laser radiation on the resonator elements. Nd:Y0.9Gd0.1VO4 and 
Nd:GdVO4 crystals were used as the laser active elements. 
Density of active centers in these crystals was about 0.5%. 
Nd:Y0.9Gd0.1VO4 crystal edges were coated by antireflecting layer 
for λ = 1.34 μm. The dimensions of the Nd:Y0.9Gd0.1VO4 and 
Nd:GdVO4 laser crystals were ø4 × 50.5 mm and ø5×50.5 mm, 
respectively. The quartz prism with a base angle 45° was used as 
the spatial selector of frequencies. TEM00-mode generation was 
provided by placing an iris diaphragm inside the laser resonator. 
The output laser radiation was horizontally polarized for all 
cases. The active elements were pumped by a flash-lamp. 
Typically the pump energy was 10−15% above the threshold 
value. 
An avalanche photodiode LFD-2a and the oscilloscope 
Tektronix 5104B with a total resolution time about 0.4 ns were 
used for radiation registration. The temporal profile of the 
ouput pulse was visualized by an ultrafast streak camera with a 
temporal resolution of about 0.7 ps. The temporal profiles of the 
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flash-lamp pumped laser output with the Nd:Y0.9Gd0.1VO4 and 
Nd:GdVO4 active crystals operated in a free-generation regime 
are presented in Fig. 36. 
 
 
Figure 36. The temporal profiles of the flash-lamp pumped laser output with the 
 (a) Nd:Y0.9Gd0.1VO4 and the  
(b) Nd:GdVO4 active crystals operated in a free-generation regime 
 
Diode-pumped solid state laser 
The optical scheme of the second solid-state laser mode-locked 
with SWNT is shown in Fig. 37. The Nd:YAG (Ø2,9 × 115,8 mm) 
active crystal is side pumped by laser diodes at a 808 nm 
wavelength (Northrop Grumman, RD40-1C2) generating the 
laser radiation at  λ= 1,32 μm. A V-shaped cavity with a total 
length of 112 cm was formed using a 100% reflecting flat mirror, 
a spherical (with the radius of curvature RC= 70 cm) mirror and 
an output mirror with the reflectivity of R = 50% at λ= 1,32 μm. 
The V-shaped cavity was chosen because of its high tunability 
that enables the optimization of the beam shape. Similar to the 
laser described above all the elements inside the cavity were 
installed at Brewster angles. The output radiation was 
controlled using the same scheme as described above. 
 
Figure 37. The optical scheme of the diode-pumped laser 
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4.2.2 Mode-locking with SWNT saturable absorbers 
 
Mode-locking at 1.34 μm 
In order to mode-lock the neodymium-doped 
(Nd:Y0,9Gd0,1VO4/Nd:GdVO4) flash-lamp pumped laser (see 
Fig.24) the free standing polymer+SWNT film was placed inside 
the cavity near the output mirror (m1). The introduction of the 
polymer+SWNT film inside the cavity dramatically changed the 
generation regime. The temporal profile of the output pulses 
obtained when the polymer+SWNT film was placed inside the 
cavity (Fig. 38) demonstrates the typical for mode-locking 
features. Short (≈200 ns) full “slotted” train of short (less than 1 
ns) pulses with period corresponding to the resonator length 
was obtained. After insertion of the polymer film with SWNT 
into resonator the generation threshold has been steeply raised 
(for Nd:Y0,9Gd0,1VO4 it was 15.1 J and for Nd:GdVO4 it was 17.4 J). 
 
 
 
Figure 38. The output pulse trains obtained from the Nd:Y0,9Gd0,1VO4 / Nd:GdVO4 
laser mode-locked with polymer+SWNT film 
 
The duration of the pulses generated in the mode-locked 
regime was measured using ultrafast streak camera AGAT-SF 1. 
However, since its spectral sensitivity was limited by the 
maximal wavelength of λ = 1.1 μm, the KDP crystal was 
employed to generate of the second harmonic of the output 
radiation. For both active media (Nd:Y0.9Gd0.1VO4  or  Nd:GdVO4) 
the duration of generated short pulses was about 30 ps. 
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However it is worth noting that mechanical vibration and low 
heat sink of the free-standing SWNT-polymer film may give rise 
to instability of the mode-locked regime. 
 
Mode-locking at 1.32 μm 
Another type of laser mode-locked with polymer+SWNT 
saturable absorber was diode-pumped Nd:YAG operating at 
1.32 μm (see 4.2.1). To maximize the efficiency and to improve 
the stability of the saturable absorber the polymer film was 
clamped between the 100% reflecting mirror and the wedged 
quartz plate and placed inside the resonator. In the Nd:YAG 
laser, the mode-locking experiments were performed with three 
polymer films containing different concentration of SWNTs. The 
transmission spectra of these films are presented in Fig. 39. 
Although all three films were introduced into the cavity as 
saturable absorbers, the mode-locking regime has been achieved 
only for film #2 with the transmission coefficient of 55% at 1.34 
μm. In the film #1, the high optical density led to the mode-
locking instabilities. Contrary in the film #3, low concentration 
of nanotubes led to the weaker absorbance change and therefore 
the modulation of the cavity losses was insufficient to achieve 
mode-locking regime. Therefore the experimental findings 
indicate that mode-locking application requires SWNT-polymer 
films with 40-60% transmittivity at the lasing wavelength.  
 
Figure 39. The transmission spectra of polymer films containing different 
concentration of SWNTs 
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The diode-pumped laser operating at a wavelength of 
1.32 μm produced typical for mode-locking regime trains of 
picosecond pulses separated by a cavity round trip of 8.5 ns (Fig. 
40). The train length was about 200 ns, which was 4,5 times 
shorter than that obtained in a free generation regime. Pulses in 
the train had an average energy of up to 70 μJ and duration of 
≈50 ps. A stable self-starting mode-locking regime was obtained 
at a pump repetition rate from 2 Hz to 1kHz. We did not 
observe any degradation or damage of the polymer-SWNT film.  
 
Figure 40. The output pulse train obtained from the Nd:YAG laser mode-locked with 
polymer+SWNT film 
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CONCLUSIONS OF CHAPTER 4  
 
1. The femtosecond time-resolved pump-probe measurements 
of the magnitude and relaxation times of a 5-m-thick film 
polymer film containg SWNT in the spectral range of 1.3-1.5 
m were performed. The experiment has revealed   10-11 esu 
magnitude of the third-order susceptibility. The temporal 
evolutuion of the pump-induced transmission change can be 
described in terms of the biexponentional decay with the 
characteristic relaxation times of 280 fs and 5.5 ps. 
 
2. The SWNT polymer film was employed to create a saturable 
absorber that allowed self starting mode-locking regime in 
the flash-lamp pumped Nd:Y0,9Gd0,1VO4/Nd:GdVO4  and 
diode-pumped Nd:YAG lasers operated at 1.34 μm and 1.32 
μm wavelength. 
 
3.  These results make SWNT polymer films a promising 
alternative to existing saturable absorbers.  
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5 Broadband pump-probe 
spectroscopy of graphene 
Despite the growth of interest to ultrafast non-equilibrium 
processes in graphene only few experiments on ultrafast 
relaxation dynamics in graphene have been reported up to now. 
It is well established that there exist two distinct time scales in 
differential transmission spectra. Specifically, a fast initial decay 
of the pump-induced transmission lasts for some tens of 
femtoseconds, while a slower relaxation process takes place in 
subpicosecond time scale. The fast decay is ascribed to 
Coulomb-induced carrier scattering, while the slower process is 
associated with carrier cooling due to electron−phonon coupling. 
The scenario outlined above resembles that taking place in 
conventional semiconductors, in which carrier−phonon 
scattering dominates, while the carrier-carrier Auger-type 
processes play no significant role in the relaxation dynamics. 
However, such a conventional scenario does not necessarily take 
place in graphene in which the Auger-type processes may 
prevail especially at high excitation densities.  
This chapter is devoted to the time-resolved broadband 
pump−probe (probe range, 900−1700 nm; pump range, 
1000−1700 nm) study of absorbance change in multilayer 
graphene.  
5.1 EXPERIMENTAL  
The study of the light-induced absorption presented here 
consisted of two experimental series: the excitation at the pump 
photon energy lower than that of the probe and vice versa 
experiment with the pump photon energy higher than the probe 
one. The experiments were performed with the CVD graphene 
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multilayer samples containing 5, 15, 37 and 39 monoatomic 
layers, described in Chapter 2. For these experiments mainly the 
same pump-probe setup as described in Chapter 4 (see Figure 33) 
was employed. 
The femtosecond pulses with a central wavelength 
tunable in the 1000−1700 nm range and a femtosecond 
continuum were employed as a pump and probe, respectively. 
The energy of the pump pulses was varied in the range from 
several nanojoules up to tens of microjoules by tuning the OPA 
and/or using the neutral filters in the pump channel. The 
diameter of the pump beam at the sample surface was about 500 
μm. The femtosecond continuum was used to probe the 
absorbance change (ΔA) in a wide spectral range spanning from 
900 nm up to 1700 nm. The visible part of the generated 
continuum was removed from the probe channel using a long-
pass filter.  
5.2 TIME-RESOLVED MEASUREMENTS 
The performed measurements have revealed a strong 
absorbance change in graphene under the femtosecond laser 
excitation. Importantly, the light-induced change of the 
graphene absorbance was observed at both blue- and red-
shifted probe, i. e. when the probe photon energies were both 
higher and lower with respect to the pump photon energy. The 
ΔA obtained for the blue- and red-shifted probes for the samples 
with different number of graphene layers are presented in the 
top and the bottom panels of Fig. 41 (a, b) respectively. The 
contour plots represent ΔA as a function of a delay time 
between the pump and the probe pulses and the probe 
wavelength. The intensity and the wavelength of the pump 
beam in Fig. 39 were varied slightly from sample to sample for 
providing the best signal. One can observe from Fig. 41 (a, b) 
that the photoexcitation gives rise to the negative absorbance 
change, that is, a fast increase of graphene transparency takes 
place for all samples.  
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Figure 41. The time-resolved absorbance change ΔA measured for the samples 
containing (a) 5, 15 and (b) 34, 39 graphene layers. In the contour plots, ΔA is 
presented as a function of the time delay between the pump and probe pulses (vertical 
axis) and the probe wavelength/energy (horizontal axes). The top panels: the ΔA 
contour plots, when the probe photon energy was higher than the pump photon energy 
(blue-shifted probe). The bottom panels: the ΔA contour plots obtained when the probe 
photon energy was lower than the pump photon energy (red-shifted probe).The center 
panels: the spectra of instantaneous (taken at a zero time delay between pump and 
probe) absorbance (ΔA) spectra normalized on a pump pulse energy (ε) . The open and 
filled circles represent the experimental data obtained for the blue- and red-shifted 
probes, correspondingly. The relevant average values are presented by the blue and red 
solid lines. The pump wavelengths are shown with the blue and red arrows. 
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It is worth noting that no increase or sign reverse of ΔA 
as a function of the time delay between the pump and probe 
pulses was observed. Such a behavior indicates that possible 
doping of graphene samples does not play an important role in 
the carriers dynamics [67]. The magnitude of the absorbance 
change for the red-shifted probe is in agreement with the results 
of the pump−probe studies on single- and multilayered 
graphene [65-71]. It is surprising, however, that the light-
induced absorbance change for the blue-shifted probe shows a 
similar behavior. 
The spectra of ΔA registered immediately after the pump 
pulse lapse are presented in the central panels of Fig. 41 (a, b). 
The obtained dependence of ΔA on the probe photon energy has 
a maximum in the vicinity of 1300 ± 100 nm for all graphene 
samples and any pump wavelength. This indicates that the 
maximum of the quasi-equilibrium population density in the 
conduction band is located at the energy of about 1 eV. The 
position of the maximum shows no significant change in a time 
scale of 1 ps (see the contour plots in Fig. 41 (a,b)), that is, no 
essential carrier redistribution takes place in the subpicosecond 
time scale showing the domination of electron−hole 
recombination in a population decay. 
Fig. 42 (a) shows the pump fluence dependence of the 
absorbance change at the probe wavelength 1300 nm for 5 and 
39 layers thick graphene samples pumped at 1700 and 1100 nm. 
One can observe from Fig. 42 (a) that the ΔA is a linear function 
of the pump fluence and, hence, of the photoexcited carrier 
density n0 for both the red- and blue-shifted probes. By 
comparing ΔA for two samples one can observe from Fig. 42 (a) 
that the slopes of the fluence dependencies are proportional to 
the number of graphene layers [109]. This particularly indicates 
that the studied graphene samples were sufficiently uniform.  
The temporal profiles of ΔA are presented in Fig. 42 (b). 
To compare the characteristic decay times obtained at different 
experimental conditions, the normalized data was 
biexponentialy fitted. Biexponential function similar to that used 
for fitting the kinetics in nanotubes (see Chapter 4) was applied. 
The obtained absorbance decay times, τ1 = 250 ± 30 fs and τ2 = 
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2400 ± 400 fs, are the same for the red- and blue-shifted probes 
and show no pronounced dependence on the pump wavelength 
or on the number of graphene layers. 
 
Figure 42. (a) The pump fluence dependence of the light-induced absorbance change 
ΔA at the probe wavelength of 1300 nm for the thinnest (5 layers, squares) and the 
thickest (39 layers, circles) graphene samples. The blue and red marks represent ΔA for 
the pump wavelengths of 1700 and 1100 nm, that is, the blue- and red-shifted probes, 
correspondingly. (b) The temporal profile of the normalized ΔA for samples with the 
different number of layers. The probe wavelength is set to 1300 nm while the pump 
wavelength is 1150 nm (blue-shifted probe, BΔA) or 1550 nm (red-shifted probe, 
RΔA). The blue squares and red circles represent the experimental data. The results of 
the biexponential fits for the blue- and red-shifted probe are shown by the blue and red 
solid lines, respectively. Two decay constants obtained for each sample are presented in 
the insets. 
5.3 MECHANISMS OF ULTRAFAST ABSORBANCE CHANGE IN 
GRAPHENE 
The observed pump-induced absorption change for the 
blue-shifted probe photons can be understood if one take into 
account that in graphene with zero or very narrow bandgap (see 
Chapter 1), the whole absorbed photon energy ћpump is 
transformed into the kinetic energy of photoexcited carriers, i.e. 
each absorbed pump photon can produce an electron-hole pair 
with the highest possible kinetic energy. The energy exchange 
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between the colliding carriers with the energy ћpump/2 results 
in the population spreading in the conduction (valence) band to 
the energy range spanning from 0 to ћpump (-ћpump). Apparently 
this gives rise to the absorption blockade of photons with the 
energies higher than the pump photon energy (as we have 
observed in our experiment). Although the high energy tail of 
the excited electron distribution is limited by ћpump, the 
population of excited carriers is gradually decaying as the 
energy approaching ћ pump, because the Coulomb scattering rate 
scales inversely with the exchanged momentum. This gives rise 
to the diminishing ΔA toward the higher probe photon energies. 
These processes are pronounced due to a linear band structure 
of the investigated multilayered graphene.  
However, the non-monotonic dependence of ΔA on the 
probe wavelength (see Fig. 41) indicates that the establishment 
of the transient Fermi-Dirac distributions in conduction and 
valence bands involves both intra and interband processes. In 
order to demonstrate this one can consider the ultrafast 
intraband thermalization, which is dominated by the carrier-
carrier scattering and depends only on the pump photon 
energy
pump . This process can be described using the 
following equations: 
 
        
 
 
       , 
            (5.1) 
 
 
                     
 
 
 , 
 
where n0 is the density of photoexcited carriers in graphene, 
                      
   and              
 
 
are the 
electron occupation probability and the density of states at 
energy ε; μ and T are the chemical potential and the 
temperature of photoexcited carriers, respectively; vF is the 
Fermi velocity in graphene. Equation (5.1) represents the 
particle number and energy conservation and allows one to 
obtain the temperature and chemical potential as a function of 
the excitation density n0. The resulting pump-induced 
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absorbance change for the probe photons with the energy 
probe  can be presented in the following form: 
 
         
       
 
     
       
 
    ,        (5.2) 
 
where 2e / c  is the fine structure constant. One can 
readily see that since both the chemical potential and the 
transient carrier temperature do not depend on the probe 
wavelength, ΔA should be a monotonous function of the probe 
photon energy. Thus the experimentally obtained non-
monotonous dependence of ΔA (see Fig. 40) on the probe 
wavelength indicates that the interband processes may also take 
part in the formation of a quasi-equilibrium population of 
photoexcited carriers.  
Among the processes that may contribute to the quasi-
equilibrium carrier distribution the Auger type processes 
mediated by Coulomb interaction are of primary importance. It 
is worth noting that one may distinguish two different (in terms 
of the carriers created in the conduction band) processes. These 
are Auger recombination (AR) and impact ionization (II) [110]. 
The AR and II processes are schematically shown in Fig. 43.  
 
Figure 43. Schematic representation of Auger recombination and impact ionization 
processes in graphene 
 
In the AR, the scattering of two electrons in the 
conduction band produces an electron in the valence band and 
an electron in the conduction band at a higher energy state. 
Thus, the AR results in a decrease of the conduction band 
74 
 
population. In the inverse process of impact ionization, the high-
energy photoexcited electron relaxes to the lower state within 
the conduction band transferring energy to another electron, 
which is excited from the valence to the conduction band. In 
contrast to AR, the II increases the number of excited carriers in 
the conduction band. 
The first principles modeling presented in Refs. [110] and [76] 
have shown that the efficiency of both AR and II strongly 
depends on the excitation density. In particular, it has been 
demonstrated that at high excitation density, II dominates at 
time scales of several tens of femtoseconds after the pump pulse 
lapse. However, at longer time delays the AR prevails providing 
the high energy states filling [109]. Since the temporal resolution 
of our pump-probe experiment is limited by 150 fs, we cannot 
resolve the excited carrier dynamics in the timescale of few tens 
of femtoseconds.  However, the Auger type processes can give 
rise to the significant changes in the carrier density and can 
manifest themselves in the pump-induced absorption changes 
even at longer delays. In our experiment, the instantaneous 
absorption change for the blue-shifted probe  (ћprobe > ћpump ) 
represents the density n of the high-energy (E > ћpump/2) carriers. 
The steady-state value of n corresponds to the balance between 
the carrier generation via Auger recombination,
2
1 0
AR
dn
n
dt

 
 
 
, 
and the carrier population decay via impact ionization and other 
possible channels, including electrone-hole recombination and a 
carrier-phonon coupling, 
 
2 0 3
II ph
dn dn
n n n
dt dt
 
   
     
   
,    (5.3) 
 
where 1 is the AR rate, 2 and 3 are II and all other population 
decay channels rates, correspondingly. Thus, the absorbance 
change probed at higher photon energies (with the blue-shifted 
probe) is given by the following equation: 
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2 0 3
n
A
n


 


                                                         (5.4) 
 
Since 1 and 2 decrease rapidly when the carrier energy 
approaching the ћpump, the pump-induced absorbance change 
vanishes at probe = 2pump. On the other hand, the absorbance 
change should be also small when the probe wavelength is 
much longer than that of the pump. Thus one may expect that at 
a given excitation density, the absorbance change should have a 
maximum at a certain wavelength. One may also observe from 
Eq. (5.3) that the pump-induced absorbance change is a linear 
function of the excitation density at 2n0 >3. 
 The model described above is in agreement with 
obtained experimental results indicating that the Coulomb-
governed Auger type processes can play a significant role in the 
relaxation dynamics of the dense ensemble of photoexcited 
carriers in graphene. The detailed study of these processes 
requires time-resolved photoluminescence measurements. 
Moreover, in addition to the recently reported results on the 
suppression of Auger recombination [75], the presented results 
open an opportunity to control the ultrafast dynamics and for 
graphene lasing. 
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CONCLUSIONS OF CHAPTER 5 
 
1. The time-resolved broadband pump-probe (probe range: 
900-1700 nm, pump range: 1000-1700 nm) study of 
absorbance change in multilayer graphene is performed. 
 
2. The temporal and spectral profiles of the light-induced 
absorbance change in 5, 15, 37 and 39 layered graphene are 
obtained. 
 
3. Experimentally registered unconventional absorbance 
change in graphene at  shorter wavelengths comparing to 
pump. 
 
4. The obtained temporal and spectral profiles of the light-
induced absorbance change in 5, 15, 37 and 39 layered 
graphene are independent on the pump wavelength and the 
number of graphene layers. The temporal decay constants 
are τ1=200-300 fs and τ2=2000-3000 fs. 
 
5. The magnitude of the absorbance change is proportional to 
the number of graphene layers stacked in the multilayered 
sample. 
 
6. The Coulomb-governed Auger type processes play 
significant role in the relaxation dynamics of the dense 
ensemble of photoexcited carriers in graphene. 
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6 Summary 
In this Thesis, the results of the experimental investigation of 
nonlinear optical properties of graphene based materials have 
been presented.  The perfomed comprehensive study revealed  
the possiblity to launch and control quasi ballistic currents in 
this materials using laser radiation. This opens an opportunity 
to use graphene based materials for optoelectronic applications 
including ultrafast photodetectors and THz radiation sources.  
The performed femtosecond time-resolved pump-probe 
measurements revealed strong and fast optical nonlinearity of 
the polymer films containing single-wall carbon nanotubes. In 
the spectral range of 1.3-1.5 m, the magnitude of the third-
order susceptibility of a 5-m-thick film was as high as 10-11 esu, 
while the relaxation time of  light-induced absorption was 280 fs. 
Implementation of this polymer+SWNT film as a saturable 
absorber allowed to attain a self starting mode-locking regime in 
solid state lasers operated at a near IR spectral range. This result 
make SWNT polymer films a possible alternative to existing 
saturable absorbers.  
The presented broadband pump−probe study of the ultrafast 
light-induced absorbance change in CVD multilayer graphene 
samples with a different number of atomic layers have 
demonstrated that the magnitudes and the temporal profiles of 
the pump-induced absorbance change for the blue- and red-
shifted (with respect to the pump) probe photons are 
comparable. The presented experimental results indicate that 
the Coulomb-governed Auger type processes can play a 
significant role in the relaxation dynamics of the dense ensemble 
of photoexcited carriers in graphene. The detailed study of these 
processes requires time-resolved photoluminescence 
measurements. Moreover, these results open an intriguing 
opportunitiy for using graphene lasing. 
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The obtained results suggest that graphene based materials 
are promising for a variety of applications in optics, 
optoelectronics, photonics and lasing. 
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